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Abstract. Superconducting radio-frequency (SRF) cavities cooled by superfluid
helium-4 (He II) are building blocks of many modern particle accelerators due to
their high quality factor. However, Joule heating from sub-millimeter surface
defects on cavities can lead to cavity quenching, which limits the maximum
acceleration gradient of the accelerators. Developing a non-contacting detection
technology to accurately locate these surface defects is the key to improve the
performance of SRF cavities and hence the accelerators. In a recent proof-of-
concept experiment (Phys. Rev. Applied, 11, 044003 (2019)), we demonstrated
that a molecular tagging velocimetry (MTV) technique based on the tracking
of a He∗
2
molecular tracer line created nearby a surface hot spot in He II can
be utilized to locate the hot spot. In order to make this technique practically
useful, here we describe our further development of a stereoscopic MTV setup for
tracking the tracer line’s motion in three-dimensional (3D) space. We simulate a
quench spot by applying a transient voltage pulse to a small heater mounted on
a substrate plate. Images of the drifted tracer line, taken with two cameras from
orthogonal directions, are used to reconstruct the line profile in 3D space. A new
algorithm for analyzing the 3D line profile is developed, which incorporates the
finite size effect of the heater. We show that the center location of the heater can
be reproduced on the substrate surface with an uncertainty of only a few hundred
microns, thereby proving the practicability of this method.
Keywords: superconducting radio-frequency (SRF) cavities, quench-spot detection,
superfluid helium, flow visualization, stereoscopic molecular tagging
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1. Introduction
Superconducting radio-frequency (SRF) cavities are
key components of modern particle accelerators due to
their high quality factor and low surface resistance [1,
2]. Most SRF cavities have thin-walled structures
made of pure niobium and are normally cooled by
immersion in a liquid helium bath, especially in
superfluid helium-4 (He II) below 2.17 K. Carefully
fabricated cavities can achieve an acceleration gradient
of 30-35 MV/m or higher [3]. However, tiny defects
on the cavity inner surface (e.g. micro-particle
contaminants, cracks, and scratches) can cause Joule
heating during the operation of the cavities, which
raises the local temperature and leads to the formation
of hot spots. When the temperature of these hot spots
exceeds the superconducting transition temperature
(i.e., 9.3 K for niobium), cavity quenching occurs and
the energy stored in the cavity quickly converts to heat
at the defect location in a few milliseconds. This heat is
conducted through the cavity wall, leading to a heated
area of order 1 cm2 on the cavity outer surface [1].
Cavity quenching often limits the acceleration gradient
to below 10-15 MV/m [3]. Therefore, locating the
quench spots for defect removal is critical for improving
the performance of SRF cavities.
So far, two major diagnostic techniques, i.e.,
temperature mapping (T-mapping) and second-sound
triangulation, have been developed for SRF cavity
quench-spot detection [4, 5]. The T-mapping method,
which has been widely utilized at accelerator labs, is
based on the installation of a large number of (i.e., over
103) temperature sensors on the cavity outer surface
[6, 7] or a few tens of sensors on a rotating arm which
can scan across the cavity surface [8, 9]. When the
cavity is energized to just below the quench threshold,
a hot spot can be identified as a location with a slightly
higher temperature [4]. However, the drawback of
the T-mapping method is clear: for fixed systems,
it is extremely time and labor consuming to install
and calibrate the large amount of sensors; while for
scanning systems, the detection sensitivity is typically
low due to the gap between the sensors and the cavity
surface required for smooth rotation of the arm [4].
The second-sound triangulation method is a non-
contacting quench-spot detection method developed by
Conway and Hartill [10]. In He II, phenomenologically
there exist two interpenetrating fluid components: a
viscous normal fluid that carries all the entropy and an
inviscid superfluid that has zero entropy [11]. Due to
the two-fluid nature, two distinct sound-wave modes
exist in He II: an ordinary pressure-density wave
(first sound) where both fluids move in phase, and a
temperature-entropy wave (second sound) where the
two fluids move out of phase [12]. When a quench spot
deposits heat in He II, second-sound waves are emitted
in He II towards all directions, which can be detected
using various types of sensors [13–15]. Triangulation
of the quench spot can be performed by measuring the
second-sound arrival time with three or more sensors.
However, the reliability of this method is questioned
by a puzzling observation that the triangulation does
not converge on the cavity surface unless a second-
sound velocity c2 higher than literature values is
assumed [3, 16]. Despite extensive research on this
puzzle [17–22], there still lacks a consensus, and the
spatial resolution of the triangulation method is limited
to about 1 cm [2].
In our recent proof-of-concept experiment [22],
we demonstrated a novel non-contacting quench-
spot detection method based on molecular tagging
velocimetry (MTV) in He II. A miniature heater
mounted on a substrate plate in He II was pulsed
on to simulate a surface quench spot. A thin line of
He∗2 molecular tracers were then created in the vertical
imaging plane above the heater via femtosecond laser-
field ionization of helium atoms [23]. This tracer line
deforms due to the heat-induced flow in He II [24].
By analyzing the line profile, we were able to locate
the heater along the one-dimensional line where the
imaging plane intersects with the substrate.
In order for this method to be practically useful,
we need to demonstrate the capability of detecting a
hot spot on a two-dimensional (2D) surface. For this
purpose, the heater needs to be placed at an arbitrary
location not in the same vertical plane as the tracer
line. Therefore, the deformation of the tracer line is
no longer confined to the vertical imaging plane. A
stereoscopic MTV system is thus needed for capturing
the three-dimensional (3D) profile of the drifted tracer
line. In this paper, we report the application of such
a stereoscopic MTV system for hot-spot detection on
a 2D substrate surface. The experimental procedures
are described in Sec. 2. A new algorithm for analyzing
the drifted tracer line in 3D space is discussed in
Sec. 3. We present the analysis results in Sec. 4 to
show that the center of the heater can be located with
an unprecedented resolution of a few hundred microns.
A brief summary is given in Sec. 5.
2. Experimental procedures
A schematic diagram of the stereoscopic MTV system
for hot-spot detection in He II is shown Fig. 1 (a).
An aluminum cubic helium chamber (inner side width:
3 inches) with four optical windows is connected to
a liquid helium bath inside an optical cryostat. The
temperature of the helium in the bath, controlled by
regulating the bath vapor pressure, is maintained at
1.85 K, typical of the operation temperature of SRF
cavities. The helium chamber and the bath are all
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shielded by multi-layer vacuum insulation blankets
and a liquid nitrogen thermal shield. A 50-Ω metal-
foil resistor heater (surface area Ah=3.5×2.5 mm
2) is
mounted on the surface of a G-10 substrate plate (see
Fig. 1 (b)) to simulate a surface hot spot. The plate
is installed vertically inside the helium chamber at a
location that can be conveniently observed from both
the side and the bottom windows of the cryostat. We
also drilled a few holes in the G10 plate and placed four
optical fibers through them to serve as the reference
points for length-scale calibration of the images.
(a)
Figure 1. (a) Schematic diagram of the stereoscopic MTV
experimental setup for hot-spot detection; (b) A photo of the
heater and the substrate assembly; (c) A photo of the cryostat
and the ICCD cameras.
When a voltage pulse with a duration ∆t is applied
to the heater, some heat deposited in He II is carried
away by a second-sound zone propagating at the speed
c2=19.5 m/s at 1.85 K. Inside this second-sound zone,
a thermal counterflow establishes spontaneously [25].
The normal fluid flows away from the heat source at
a velocity given by vn=q/ρsT , where q is the local
heat flux, ρ and s are the helium density and specific
entropy, respectively; and the superfluid moves in the
opposite direction to compensate the fluid mass [12].
As revealed in our previous study [22], this counterflow
velocity field contains important information such as
the location of the heat source and the actual heat
energy carried by the second-sound waves. To probe
this normal-fluid velocity field, we implement the MTV
technique developed in our lab by focusing a 5-kHz
femtosecond (fs) laser beam (wavelength about 800
nm) through the helium chamber [23]. This fs-laser
beam can create a thin line of He∗2 molecular tracers
with a 13-s radiative decay lifetime [26]. Due to their
small size (about 6 A˚ in radius [27]), these molecules
are entrained by the viscous normal fluid above 1 K
without being affected by the superfluid vortices [28],
thereby allowing quantitative normal-fluid velocity-
field measurements [29–36]. We then utilize a laser-
induced fluorescence technique to image the tracer
line [37]. A 905-nm pulsed laser is shaped into a 1-mm
thick laser sheet that covers the entire region traversed
by the tracer line. This imaging laser drives the He∗2
molecules to an excited electronic state, the decay from
which leads to the emission of 640-nm fluorescent light.
To enhance the fluorescence efficiency, continuous fiber
lasers at 1073 nm and 1099 nm are also used to
recover the molecules lost to unwanted vibrational
levels [37–39]. The fluorescent light is then captured
by two intensified CCD (ICCD) cameras synchronized
with the imaging laser from the side and the bottom
windows, as shown in Fig. 1 (c).
In our experiment, we first send in 100 fs-laser
pulses to create a clear He∗2 tracer line. Then, a
rectangular voltage pulse with a duration ∆t=1.44 ms
and an adjustable magnitude V0 up to 36.8 V is applied
to the heater. After a drift time td, 6 pulses from the
905-nm imaging laser at a repetition rate of 500 Hz are
used to illuminate the tracer line for imaging purpose.
Normally, a baseline image is taken at zero drift time as
a reference. Then, we repeat the measurements 5 times
at a sufficient drift time (i.e., td=34 ms) such that the
deformation of the tracer line due to the entire second-
sound zone can be captured. Fig. 2 shows the typical
t
Δt = 1.44 ms
fs-laser
100 pulses
td = 34 ms
Fiber lasers
905-nm laser
6 pulses
Figure 2. Oscilloscope signals from the photodiode and the
heater drive showing the typical timing setting of the experiment.
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time sequence of the laser pulses recorded by a photo-
diode sensor near the entrance window of the cryostat
together with the heat pulse.
3. Tracer-line deformation and analysis model
In our previous study [22], a miniature heater was
used, and the analysis of the drifted tracer-line profile
was performed assuming isotropic heat transfer from
a point heat source, which greatly simplified the
trial-and-error procedure for determining the heater
location. However, in the current experiment the
heater size is increased by nearly nine times in order
to better represent a quench spot, which makes the
point heat-source model inapplicable. Therefore, a new
analysis model that accounts for the finite size effect of
the heater must be implemented.
To aid the discussion of this analysis model, let us
first briefly outline the relevant heat transfer processes
in He II. Following the application of the voltage pulse,
the Joule heat generated by the heater is deposited
in He II in three distinct processes. First, some heat
energy is consumed in the formation of a small vapor
zone which encloses the heater surface (see Fig. 3).
This is because the instantaneous heat flux from the
heater surface, i.e., in the range of 77 to 310 W/cm2
as typical for quench spots, is well above the threshold
for boiling in He II (i.e., about 15 W/cm2 for a heat
pulse of a few milliseconds [40–42]). Then, outside
this vapor zone, some heat energy is carried out by
the propagating second-sound zone. The tracer line
deforms as the second-sound zone passes across it, due
to the associated normal-fluid flow. The third process
is the creation of quantized vortices in the superfluid
due to the counterflow of the two fluids following the
second-sound wavefront [43]. However, as we already
revealed [22], dense vortices only emerge within a thin
layer of He II outside the vapor zone, because the heat
flux drops rapidly away from the heater surface in 3D
space. The thermal energy stored in this layer is small,
and it spreads out diffusively, which hardly affects the
tracer line. As the heat pulse ends, the vapor zone
collapses. The released thermal energy is carried out
largely by the emission of first-sound shock waves. But
since the first sound only causes the fluid parcels to
oscillate, there is again little detectable effect on the
tracer line.
To calculate the expected profile of the drifted
tracer line, we start with an assumed center location
of the heater on the substrate. In principle, a
direct numerical simulation (DNS) of the full-space
normal-fluid velocity field can be conducted by solving
simultaneously the conservation equations of the He
II mass, momentum, and energy, coupled with the
evolution equation of the quantized vortices [44].
Figure 3. A schematic diagram showing the concept of
the method for evaluating the drifted tracer-line profile by
discretizing the heater. The Plane H denotes the heater plane,
and Plane T is where the drifted tracer line resides.
Then, the drifted-line profile can be derived based
on the initial line location and the local normal-fluid
velocity. By adjusting the assumed heater location
to achieve the best match between the calculated and
the observed drifted tracer-line profiles, the accurate
location of the heater can be determined. However,
a DNS-based trial-and-error method is extremely time
consuming. Instead, a simplified model based on the
discretization of the finite-size heater is adopted.
As shown schematically in Fig. 3, we divide the
assumed heater into n × m small elements and treat
each element as a standalone point heat source. The
velocity v(r, t) of a tracer-line segment located at r is
calculated simply as the vector sum of the normal fluid
velocity vi,j(r, t) produced by each heater element:
v(r, t) =
n∑
i=1
m∑
j=1
vi,j(r, t) =
n∑
i=1
m∑
j=1
qi,j(t)
ρsT
, (1)
where the heat flux vector qi,j(t) points from the
heater element at location ri,j towards the tracer-
line segment at r, and its magnitude is given by
qi,j(t) = Q˙i,j(t)/2piR
2
i,j . Here Ri,j = |ri,j − r| is the
distance between the heater element and the tracer-line
segment, and Q˙i,j(t) denotes the corresponding rate of
heat transfer which is given by:
Q˙i,j(t) =


0 c2t < Ri,j
Qs/∆t
n×m Ri,j ≤ c2t ≤ Ri,j + c2∆t
0 c2t > Ri,j + c2∆t
(2)
where Qs is the total heat energy carried away by
the second-sound zone. This model assumes that the
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normal-fluid velocities produced by the heater elements
are additive, which is reasonable when the nonlinear
effects such as the mutual friction in the equation of
motion of the normal fluid can be ignored. The form
of Q˙i,j(t) as given by Eq. (2) also ensures that the
anisotropic nature of the heat transfer in 3D space from
the finite-size heater can be fully captured.
In a time step dt, a tracer-line segment drifts
by v(r, t)dt. We then calculate its velocity at the
new location to evaluate the displacement in the next
time step. The total displacement can be obtained as
∆r =
∑
i v(r(ti), ti)dt. Repeating this calculation for
every line segments, the final drifted tracer-line profile
can be determined. The accuracy of this analysis
depends on the total number of heater elements and
the time step dt. Usingm=7, n=5, and dt=0.01 ms, we
find that the trial-and-error analysis converges reliably
within about 10 minutes with a quad-core processor
performing around 14 gigaFLOPs.
4. Experimental results
4.1. Reconstruction of the 3D tracer-line profile
In our experiments, we need to first reconstruct the
3D profiles of the tracer lines so that the tracer-
line deformation analysis can be performed. Fig. 4
shows typical fluorescence images of the baseline and
the drifted line taken by the two cameras when
a voltage pulse of 30 V is applied to the heater
(corresponding heat flux: 205.71 W/cm2). These
tracer-line images are averaged based on five snapshot
images for improved visibility. The positions of the
heater and the fiber markers are also indicated in these
images. To reconstruct the 3D profiles of the tracer
lines based on these 2D images, we first identify the
pixel coordinates of the four fiber markers (i.e., m1-
m4) in the side view and the bottom view images.
The physical dimension in the pixel coordinates can be
calibrated based on the known distances between the
markers. Since the two cameras are carefully installed
in orthogonal directions, the side view image provides
us the x-y coordinates of the markers while the bottom
view image gives the x-z coordinates. We then shift
the two images to ensure that the x-coordinates of the
markers in both images are identical. For convenience,
we set the origin of the coordinate system to be at the
center of the actual heater. Through these procedures,
the absolute coordinates of an object in 3D space can
be easily extracted from the side view and the bottom
view images. It should be noted that our calibration
is based on the plane of the markers. For the tracer
line which is not in the markers’ plane, there are
small (i.e., < 3%) offsets in its 3D coordinates due
to the out-of-plane projection. In the future, a more
sophisticated photogrammetric method based on the
(a) Baseline (b) Drifted line
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Figure 4. Typical side view and bottom view images showing
(a) a baseline created at about 4.7 mm away from the heater
center, and (b) a drifted tracer line following a heat pulse of
q0=205.71 W/cm2 and ∆t=1.44 ms.
Figure 5. Schematics showing the reconstructed centerline
profiles in 3D space for the example baseline and drifted tracer-
line images included in Fig. 4.
direct linear transformation for camera calibration [45]
can be utilized to avoid such offsets.
We then adopt an ridge-finding algorithm [46] to
identify the centerlines of the fluorescent patterns in
both the side view and the bottom view images of the
tracer line. These centerlines are the projections of the
tracer line on the x-y plane and the x-z plane, and
therefore they allow us to easily reconstruction the 3D
profile of the tracer line. Fig. 5 shows the obtained 3D
centerline profiles for the example baseline and drifted
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Figure 6. The ratio of the heat energy Qs carried by the second-
sound zone to the total heat generated by the heater Q0 as a
function of the heat flux q0 at the heater surface. The data are
taken from Ref. [22] at 1.85 K.
line included in Fig. 4. Compared to the baseline, the
drifted line is slightly deformed in 3D space due to
the transient heat transfer in He II. We also determine
the Plane H where the heater is located through a
plane fit of the markers positions. This information is
needed because we will move the assumed heater in this
Plane H to determine its optimum location through the
analysis model discussed in Sec. 3.
4.2. Analysis results and discussions
To perform the tracer-line deformation analysis based
on the obtained 3D tracer-line profile, we need to set
the values for four parameters, i.e., the coordinates of
the assumed heater center location (x0, y0, z0) and
the heat energy Qs carried by the second-sound zone.
Note that since the assumed heater is confined in the
Plane H, only two coordinates among x0, y0, and z0
need to be varied in the search for the best match
between the calculated and the observed drifted tracer-
line profiles. This situation holds also for quench-
spot detection on a real SRF cavity, since the quench
spot is confined in the known cavity surface. As for
Qs, in principle it should be treated as an unknown
parameter since it is a fraction of the total heat energy
Q0 produced by the heater. However, in our previous
study [22], we have measured the ratio Qs/Q0 and
found that it scales linearly with the heat flux from the
heater surface q0=Q0/Ah∆t, as shown in Fig. 6. This
observation makes it possible to simplify our current
analysis. Through a linear fit to the data shown in
Fig. 6, the value of Qs for a given Q0 can be easily
determined if we assume that this scaling holds for our
current experiments.
We have conducted the measurements at various
Cal. centerlineCal. center Real center
36.8 V 26.6 V 
23.6 V 18.4 V 
x (mm)x (mm)
y
 (
m
m
)
y
 (
m
m
)
Heater
Figure 7. Analysis results showing the calculated centerlines
of the tracer lines projected to the x-y plane (side view) in
comparison with the actual images. The calculated and the
actual heater center locations are also indicated.
voltages applied to the heater (i.e., 18.3 V to 36.8 V)
and performed the tracer-line deformation analysis for
all the acquired image data. Representative side-view
images of the drifted tracer lines are shown in Fig. 7.
The calculated drifted lines which give the least squares
errors to the image data are also included. It is clear
that the calculated drifted lines overlap well with the
actual tracer-line images. As the voltage (and hence
the heat flux) increases, the drifted tracer line exhibits
a more pronounced deformation. The optimum center
locations of the heater obtained through the analysis
are close to the actual heater center.
To better illustrate the accuracy of the analysis
results, in Fig. 8 we show the calculated heater center
locations based on the analysis of individual snapshot
images obtained at various applied voltages. These
calculated center locations randomly distribute on the
heater surface but are all within 1 mm from the actual
heater center, and the overall standard deviation is 0.31
mm. We have also performed the analysis based on a
superposition of 5 snapshot images at every applied
voltages. This averaging can significantly improve
the signal-to-noise ratio of the tracer-line profile, and
therefore the obtained heat center locations appear to
be notably closer to the actual heat center, i.e., with
a standard deviation of only about 0.1 mm. These
results together with the corresponding experimental
conditions are collected in Table 1.
Our analysis nicely reproduces the heater center
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Table 1. The calculated center location (xh, yh, zh) of the heater averaged over five measurements at each applied surface heat
flux. The standard deviations associated with these measurements are also included.
U q0 xh yh zh rh σx σy σz
(V) (W/cm2) (mm) (mm) (mm) (mm) (mm) (mm) (mm)
18.4 77.39 0.02 0.31 0.004 0.31 0.60 0.43 0.01
23.6 127.31 0.12 0.07 -0.001 0.13 0.56 0.33 0.02
26.6 161.73 0.30 0.03 -0.006 0.30 0.62 0.30 0.02
30.0 205.71 0.05 0.01 0.000 0.05 0.52 0.28 0.01
36.8 309.54 0.00 0.17 0.003 0.17 1.09 0.34 0.03
Heater
Sgl. Avg. Sgl. Avg.
Heater center
x (mm)
y
 (
m
m
)
Figure 8. The calculated heater center locations based on
the analysis of snapshot images (solid symbols) and five-shot
averaged images (hollow symbols) at various applied voltages to
the heater. The two dashed ellipses represent the 95% confidence
ellipses [47] of the solid symbols and the hollow symbols.
with an uncertainty of a few hundred microns, which
is only a few percent of the heater size, regardless of the
applied heat fluxes. This success clearly demonstrates
the effectiveness and the accuracy of the stereoscopic
MTV method for hot-spot detection on a 2D surface
in He II. Compared to the T-mapping and the second-
sound triangulation methods, the accuracy of our
MTV-based method is far superior. In the future,
by creating multiple tracer lines or even a tracer-
line grid [22, 48], it is possible to further improve the
accuracy and effectiveness of the MTV method. We
would also like to comment that besides the MTV
technique, a particle tracking velocimetry (PTV) based
flow visualization technique using frozen hydrogen or
deuterium tracer particles [49–52] may work as well for
hot-spot detection in He II, since the underlying heat
transfer processes and the tracer dynamics are similar.
The PTV-based method could be more easily adopted
by the accelerator labs since it does not require complex
laser systems and the fluorescence imaging system. We
plan to conduct relevant testings and will report the
result in due course.
5. Summary
We have conducted a carefully designed experiment
to demonstrate the feasibility of a stereoscopic MTV
method for surface hot-spot detection in He II. A
He∗2 molecular tracer line is created via fs-laser field
ionization near a planar heater mounted on a substrate
surface. Fluorescence images of the drifted tracer
line, captured by two ICCD cameras from orthogonal
directions following a heat pulse, are utilized to
reconstruct its 3D profile. A simplified heat-transfer
model based on a discretization of the finite-size heater
is used to analyze the drifted tracer-line profile. The
derived center location of the heater appears to be
always within a few hundred microns from the actual
heater center in the whole range of heat fluxes we
explored. These results clearly prove the feasibility and
accuracy of the stereoscopic MTV method for hot-spot
detection, making it a promising technology for future
quench-spot detection on real SRF cavities in He II.
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